The auditory nuclei of the chick brain stem have distinct morphologies and highly specific synaptic connectivity. Nucleus magnocellularis (NM) and nucleus angularis receive tonotopically ordered cochlear input. NM in turn projects tonotopically to nucleus laminaris (NL), maintaining binaural specificity with projections to either dorsal or ventral NL dendrites. NM and NL arise from a common anlage, which differentiates as the cells migrate and acquire their mature morphologies. NM and NL cells are closely associated during embryogenesis and synapse formation. However, the morphologies of the nuclei and of the cells within the nuclei differ greatly between NM and NL. While later maturation of these nuclei has been described in considerable detail, relatively little is known about the early embryonic events that lead to the formation of these nuclei. We examined the embryonic origins of cells in brain-stem auditory nuclei with particular emphasis on NM and NL. Lipophilic dyes were injected into small regions of the embryonic hindbrain prior to the birth and migration of cells that contribute to these nuclei. We found that NM arises from rhombomeres r5, r6, and r7, and NL arises mostly from r5 with a few cells arising from r6. NM and NL thus have partially overlapping rhombomeres of origin. However, we found that the precursors for NM and NL are found in distinct regions within rhombomere 5, with NM precursors in medial regions and NL precursors in lateral regions. Our results do not support a lineage relationship between NM and NL cells and they suggest that NM and NL are specified prior to migration of precursors to the auditory anlage.
INTRODUCTION
The auditory brain-stem nuclei in the chick have distinct morphologies and display a highly precise pattern of synaptic connections whose function in auditory processing has been characterized (Rubel and Parks, 1988) . Calyceal inputs from the basilar papilla (cochlea) originating from the VIIIth nerve (Parks and Rubel, 1978; Parks, 1981) project topographically onto neurons of ipsilateral nucleus magnocellularis (NM), preserving the orderly array of frequency tuning found in the sensory epithelium. Collateral branches of VIIIth nerve axons also make synapses onto neurons of nucleus angularis (NA). NM neurons are large and have few dendritic processes in mature birds. NM projects bilaterally and tonotopically to nucleus laminaris (NL), a thin lamina of cells with bitufted dendritic morphology Rubel and Parks, 1975; Smith and Rubel, 1979; Jhaveri and Morest, 1982b; Young and Rubel, 1983) . Ipsilateral NM projections terminate on cell bodies and dorsal NL dendrites, while contralateral NM projections terminate on cell bodies and ventral NL dendrites Hackett et al., 1982; Jhaveri and Morest, 1982b; Young and Rubel, 1983) . This pattern of connectivity establishes an orderly representation of interaural time differences for all frequencies. These computations may enable the animal to localize sounds in space (Young and Rubel, 1983; Takahashi et al., 1984; Sullivan and Konishi, 1986; Overholt et al., 1992; Schwarz, 1992) . Neurons in NL and NA project topographically to the superior olivary nucleus (SON) (Moiseff and Konishi, 1983; Lachica et al., 1994) , which in turn makes inhibitory connections with neurons in ipsilateral NA, NM, and NL (Takahashi and Konishi, 1988; Carr et al., 1989; Carr and Boudreau, 1993; Westerberg and Schwarz, 1995; Yang et al., 1999; Monsivais et al., 2000) . The developmental mechanisms that specify these nuclei and their synaptic connections are not known. However, this system affords an opportunity to study neural development in relation to mature function. While many of the later developmental events in this system have been described (Rubel et al., 1976; Rubel, 1978; Rubel and Parks, 1988) , relatively little is known about the early embryonic events that lead to the formation of these nuclei and the maturation of cells that make up the nuclei.
The vertebrate brain stem derives from the hindbrain, which is morphologically segmented into neuromeres known as rhombomeres (Vaage, 1969) . In the chick, rhombomere boundaries are first seen at about 2 days of incubation (E2) and are no longer evident after about E5 (Vaage, 1969) . These segments display a precise pattern of gene expression (Wilkinson et al., 1989; Hunt and Krumlauf, 1992; McKay et al., 1994; Nonchev et al., 1996) . Boundaries between rhombomeres are specialized and limit migration of cells between rhombomeres (Fraser et al., 1990) . Birthdating studies using tritiated thymidine have shown that neurons in NM are born at E2.5 to E3, while NL cells are born between E3.5 and E4 (Rubel et al., 1976) . The first sign of the developing auditory nuclei is the formation of the auditory anlage, a transient structure that is present at E6 -7 and located in a lateral and dorsal position within the developing brain stem (Harkmark, 1954; Book and Morest, 1990) . NM and NL become distinct from each other as NL cells move ventrally, beginning at E7, and both nuclei migrate medially to their final positions near the midline by about E12. NM and NL thus acquire their distinctive morphologies and synaptic connectivity from an anlage in which cell fate is as yet indistinguishable. What are the mechanisms that specify this differentiation? Because the two nuclei form a common anlage, it is possible that some progenitor cells give rise to cells in both NM and NL (Rubel et al., 1976) . However, the neurons in these nuclei are quite distinct, and thus an interesting possibility is that they arise from two distinct pools of precursors (Marin and Puelles, 1995) . In this study, we have investigated the fate map of the early hindbrain in order to address this question.
Two previous studies have examined the fates of cells in rhombomeres in relation to brain-stem nuclei. These studies used quail/chick chimeras to identify regions of the hindbrain that contribute to mature nuclei within the brain stem. Transplants of alar and basal regions of neural tube (Tan and Le Douarin, 1991) showed that sensory nuclei arise from alar (dorsal) neural tube; these nuclei include NM and NL. A study of grafts involving single rhombomeres (Marin and Puelles, 1995) identified the rhombomeric origins of nuclei in the avian brain stem. Their study showed that NM and NL both arise from more than one rhombomere, and that they both arise from precursors within rhombomere 6. In the present study we have examined this issue in detail. We used small injections of lipophilic dyes (Fraser, 1996) to reliably label cells within rhombomeres early in development, just prior to the final mitotic divisions that give rise to NM. We then examined the distribution of labeled cells in the brain stem after the auditory brain-stem nuclei had formed. This method allowed us to use a minimally invasive technique to examine the fate map of the hindbrain. More importantly, it allowed us to examine the embryonic origins of the auditory brainstem nuclei at the level of small regions within rhombomeres and to double label small groups of cells within rhombomeres. Our results show that NM and NL neurons arise from overlapping sets of rhombomeres. However, precursors for NM and NL are in distinct locations within rhombomeres. Moreover, we found a systematic relationship between the positions of precursors within rhom- As this embryo has begun to turn, the otocyst is visible just below the injection site, and the r5/r6 boundary is midway through the otocyst. (B) At E10, DiI labeling in this embryo is abundant in this section rostral to NM and NL. Scale bar, 100 m. (C) Section through the brain-stem region containing the rostral part of NM and NL. Cells in both NM and NL are abundantly labeled. Scale bar, 50 m. (D) Caudal section through this brain stem. NM cells are labeled along with a large region in the lateral brain stem. Scale bar, 100 m. bomeres and the positions of cells within nuclei NM and NL. This relationship was preserved along both the rostrocaudal and the mediolateral axes. These findings suggest that precursors for NM and NL are specified early in development. Because the precursors are at distinct locations prior to their birth dates and are in distinct nuclei after migration is complete, it is possible that they follow distinct migratory pathways during the maturation of the auditory brain stem.
MATERIALS AND METHODS

Rhombomere Injections
Fertilized White Leghorn chicken eggs (Gallus domesticus) were obtained from H&N International (Redmond, WA) and were incubated in a forced-air incubator at 38°C. Embryos were injected at E2. At E2, eggs were removed and swabbed with 70% ethanol. Eggs were equilibrated on their sides and plastic tape was placed over the top. Eggs were windowed using a modification of published methods (Fraser, 1996) . A small hole was made in the large end of the shell, and 2.5-5 ml of albumin was removed with a 5-ml syringe and a sterile 18-gauge needle. Another small hole was made in the taped region to allow the embryo to sink below the shell. A window (about 2 cm in diameter) was cut through the taped region using small scissors, leaving a small portion intact so that the window was a flap that could be resealed. The egg was placed on a small wax ring on the stage of a dissecting microscope. A 26-gauge needle was used to inject a small amount of India ink (30% in sterile phosphate-buffered saline (PBS), containing 10 mM Na/K phosphate buffer and 150 mM NaCl, pH 7.4) below the embryo to provide contrast for adequate visualization of the embryonic hindbrain and to allow for accurate staging of the embryo.
Embryos were typically at Hamburger-Hamilton stage (HH) 12-15 at the time of injection (Hamburger and Hamilton, 1951) . At these stages, rhombomere boundaries can be clearly identified (Vaage, 1969) . In particular, the rhombomere 5/6 boundary was adjacent to the approximate center of the otocyst. Additionally, the characteristic morphology and opaque hue of rhombomere 4 were also used to identify rhombomeres and rhombomere boundaries. The vitelline membrane overlying the embryo was removed using fine tungsten needles. In some cases, the amniotic sac covered the hindbrain region and was gently opened as well. In addition, in some cases the IVth ventricle was opened in a small area over the rhombomere to be injected, so that the boundaries were visible and so that areas within rhombomeres could be injected accurately.
Micropipettes were pulled on a Brown Flaming puller and broken so that the tip diameter was approximately 10 m. They were then filled with dye using a pulled 1-ml syringe. Most injections were made using 5% DiI CM Cell Tracker (Molecular Probes, Eugene, OR), a lipophilic carbocyanine dye that appears red under epifluorescence illumination. DiI was prepared in 100% ethanol and then diluted in 10% sterile sucrose. This vehicle seemed to give a solution that did not precipitate easily upon contact with the tissue. Some injections were made using other lipophilic dyes. These were 5% DiO (green) in 100% ethanol or 5% DiD (far red) in 100% ethanol. Pressure injections were made using a Picospritzer II (General Valve Corp., East Hanover, NJ) through the micropipette filled with dye solution. We used a hydraulic micromanipulator to position the micropipette over the region to be injected. The micropipette was lowered into the rhombomere and a pressure of 5-10 p.s.i. was applied for 20 -50 ms. The location of the injection was verified and documented using a Leitz MZFLIII dissecting microscope equipped with epifluorescence to view the fluorescent dyes. A single-chip CCD digital camera mounted on the microscope was used to capture an image of the injection site within the embryo using Scion Image software (NIH) and a Macintosh computer. After the image was recorded, the window on the egg was taped closed. The egg was then placed into a humid 38°C tabletop incubator for 5 to 11 days.
Histology
Eggs were removed from the incubator, and embryos were dissected and staged using Hamburger-Hamilton criteria. Brain stems were dissected free in PBS and then transferred to a solution of 4% paraformaldehyde in PBS. Tissue was fixed overnight and then rinsed several times in PBS. Brain stems were embedded in 2-4% agarose and cut at 100 m in the coronal plane on a Vibratome tissue slicer (Pelco, St. Louis, MO). All serial sections were saved. In some cases sections were counterstained with a 5-to 10-min incubation in bisbenzimide followed by several rinses in PBS. Sections were placed in DABCO in glycerol/PBS, then mounted in DABCO (to prevent bleaching of fluorescence) in glycerol, and coverslipped. Tissue was examined on a Leica epifluorescence microscope with appropriate filter sets for DiI, DiO, or bisbenzimide. Because the tissue was cleared in glycerol, nuclear boundaries and the locations of labeled cells in these relatively thick sections could be discerned with standard epifluorescence microscopy. Auditory brain-stem nuclei were often identifiable with DiI viewing alone because background fluorescence highlighted the boundaries of NM and NL. Nomarski optics and/or bisbenzimide staining aided in this identification. In addition, a BioRad 1024 confocal microscope was used in several cases in order to optically section through the tissue.
Sections throughout the rostrocaudal extent of the brain-stem auditory nuclei were examined, and the locations of all labeled cells in the auditory nuclei were noted. The following criteria were used to define the rostrocaudal locations of labeled cells: Rostral sections contained the anterior portion of NL and NM and also contained regions of NA and SON. After approximately E10 (HH stage 36), NL appears in rostral sections as a line of cells running primarily dorsoventrally, and NM is medial to NL. NA is at the lateral edge of these sections. NM, NL, and NA all lie near the dorsal surface. SON is in the ventral region of these sections, lateral to NL and medial to NA. Middle sections were also through a region of the brain stem containing both NM and NL, but in these sections NL courses mediolaterally, and NM is located dorsal to NL. SON is present in middle sections in a position similar to that seen in rostral sections. Caudal sections contained NM but not NL. Representative sections from labeled brain stems were photographed with conventional or digital photomicrography shortly after sectioning.
Analysis of Rostrocaudal Topography
We assessed the relationship between the rostrocaudal position of the injection at E2-E2.5 and the rostrocaudal position of labeled NM and NL cells within the sections through the auditory brainstem nuclei at E9 -12. For this analysis, the injection sites at E2 were assigned positional values as follows: r5 rostral, 1; r5 rostral and caudal, 1.5; r5 caudal, 2; r6 rostral, 3; r6 rostral and caudal, 3.5; r6 caudal, 4; and r7, 5. In E9 -E12 material, sections from all levels containing NM or NL were assessed for DiI label. The presence of labeled cells in NM or NL was rated as 0 (no label), 1 (small amount of label), or 2 (significant label); these scores (S) were assigned for each rostrocaudal level. A rostrocaudal labeling index was then computed separately for NM and NL. Sections containing NL were either rostral (r, position value 1) or middle (m, position value 2). Sections containing NM were rostral, middle, or caudal (assigned positional values of 1 to 3). The index (I) reflected the average position of labeled cells within the brain stem at E9 -E12:
I NL ranges from 1 to 2, and I NM ranges from 1 to 3, with small values more caudal and greater values more rostral. The index is defined only when labeling is present in the nucleus. A comparison between injection position and position of label in the auditory brain-stem nuclei was performed using Spearman's correlation assuming the variables are continuous. As the rostrocaudal labeling indices were computed separately for NL and NM, the analysis was computed separately for NL labeling and NM labeling. We began to make these measurements after the fate mapping study had begun; thus these analyses were performed on a subset of our brain-stem tissue. A total of 28 embryos were analyzed for rostrocaudal topography.
RESULTS
A total of 44 embryos with 48 dye injections were included in the analysis. Inclusion criteria were: (1) clearly identifiable injection site that did not extend across rhombomere boundaries; (2) survival to E9 -12, at which time NM and NL have differentiated and can be readily identified; and (3) evidence of dye labeling in at least some regions of the brain stem in coronal sections.
Injection sizes were measured in 43 cases (43 injections from 40 embryos) using a digitized image of the labeled embryo calibrated with a stage micrometer. Some injections were intended to label the entire area within one side of a rhombomere; for simplicity we will use the term rhombomere to indicate hemirhombomere. The rostrocaudal extent of a rhombomere was about 120 m at E2 and grew to 200 m at E2.5. Accordingly, rhombomere injections had a mean diameter of 104 Ϯ 51 m (SD, n ϭ 13) and thus on average covered the majority of the surface of the rhombomere. A summary of rhombomere injection sizes and results from fate mapping is presented in Table 1 . The two largest injections, 200 m each, were both made in E2.5 embryos in which rhombomeres are at the largest end of the range used in this study. Because both the injection site and the rhombomere boundaries were visible at the time of injection, we were able to discard any cases in which the dye extended across a rhombomere boundary.
Other injections were intended to be restricted to an area within a half or a quadrant of a rhombomere. The diameters of injections confined to a quadrant of a rhombomere averaged 37 Ϯ 14 m (n ϭ 23). These injections were restricted within either the rostral or the caudal portion of the rhombomere and within either the lateral or the medial portion of the rhombomere. The average diameter of injections confined to half of a rhombomere was 44 Ϯ 16 m (n ϭ 7); these were confined to either the lateral or the medial portion of the rhombomere. In some cases the embryos were examined under the fluorescence dissecting microscope again 24 h after injection to verify that the dye remained visible and restricted within the original site. The spread of dye at this time was very limited and remained within the region originally injected.
Labeling with DiI at E9 -E12 resulted in bright punctate labeling within cell bodies. Often fibers and blood vessels were also discernible. The region of label for most injections was medial in rostral sections and progressively more lateral in more caudal sections. In younger embryos (E7) labeling in what appeared to be axons was also evident, but in E9 -12 embryos axonal labeling was difficult to discern. The distribution of label at E9 -12 following injections into confined regions within the hindbrain is described below.
Rhombomere 4
Injections of DiI into r4 (n ϭ 4) were fairly large and were intended to label most of the rhombomere. Brain-stem sections were examined at E9 -E12, when NM and NL can be identified in coronal sections. An example of an injection in r4 and the resulting label is shown in Fig. 1 . Labeled cells were evident in sections rostral to NM and NL (Fig. 1B) . The large strips of label spanned the dorsoventral extent of the sections, particularly in rostral sections. In general, regions of label were progressively more lateral in more caudal sections. R4 injections did not result in labeled cells in the auditory brain-stem nuclei NM and NL (Fig. 1C) . However, labeled cells were evident in NA (Fig. 1D) , in the lateral vestibular nucleus (VeL), the medial vestibular nucleus (VeM), the tangential nucleus, the nucleus of the VIIth nerve, and in one case, in SON (Table 1) .
Rhombomere 5
Large injections into rhombomere r5 (n ϭ 2) resulted in labeling in both NM and NL. An example is shown in Fig.  2 . Figure 2A shows the embryo after an injection was made into r5. Rostral (Fig. 2B) , middle (Fig. 2C) , and caudal (Fig. 2D ) sections through this brain stem show DiI labeling in numerous other nuclei in addition to NM and NL. Within the auditory system, r5 injections resulted in labeled NA and SON neurons as well. In addition (see Table 1 ), labeling was present in VeM, VeL, the dorsal vestibular nucleus (VeD), and the tangential nucleus.
In many cases, small injections of DiI did not label both NM and NL, suggesting a finer organization to the fates of the cells within r5. To assess this possibility, we made small DiI injections that were contained within one of four quadrants of r5. The labeled descendants were found to be largely distinct. Representative examples of our findings from these small injections are shown in Figs. 3 and 4 . Figure 3A shows a schematic diagram illustrating the position of a small DiI injection into the lateral anterior quadrant of r5 (n ϭ 5). A digital photomicrograph taken at the time of injection (E2) is shown in Fig. 3B . The resulting DiI labeling at E12 (Fig. 3C) is found in NL and in other regions of the brain stem but not in NM. Similarly, lateral posterior r5 injections (n ϭ 4; Figs. 3D and 3E) resulted in label in NL but not in NM (Fig. 3F ). In contrast, medial anterior injections in r5 (n ϭ 3; Figs. 3G and 3H) consistently labeled cells in NM but resulted in little or no label in NL. Figure 3I shows labeling of NM in a caudal section through the brain stem of the embryo shown in Fig. 3H . Many NM cells are labeled with DiI. NL, not shown in this caudal section, is not labeled. R5 injections into the medial posterior quadrant of r5 (n ϭ 4; Figs. 3J and 3K) also resulted in label in NM cells but not in NL cells (Fig. 3L) . Table 2 summarizes the results of injections into alar plate regions of r5 with respect to contributions to NM and NL. No lateral r5 injections (n ϭ 13) resulted in labeled NM neurons, and 11 resulted in labeled NL neurons. All medial injections (n ϭ 10) resulted in label in NM, while only 2 resulted in any labeled cells in NL. All of these injections were made into the lateral and medial portions of the alar plate. In a few cases, medial injections were made toward the midline and were most likely in the basal plate. These injections did not result in label in either NM or NL (data not shown), consistent with the results of Tan and LeDouarin (1991) . Thus, results from r5 injections suggest that the precursors for NM and NL are abundantly present in r5 but at E2 are spatially segregated within the rhombomere.
To further assess the lateromedial organization of r5 precursors, we used two different dyes to label both regions within a single embryo (n ϭ 3). An example of a double-labeled hindbrain is shown in Fig. 4 . Figure 4A shows a schematic diagram of the E2 embryo, with a DiI injection in the lateral part of r5 shown in red and a DiD injection into the medial part of r5 shown in green. In Fig.  4B , the E2 embryo is shown just after injection with DiI (bright spot) and DiD (dark spot) into the lateral and medial halves, respectively, of r5. Figure 4C shows a section through the brain stem of the same embryo after survival to E11, imaged using confocal microscopy, with DiI rendered in red and DiD rendered in green. The double-labeled areas appear yellow, and these are mostly accounted for by autofluorescence in blood vessels. Within NM and NL, labeling was largely nonoverlapping, confirming that NL arises from the lateral (DiI injected) area of the early hindbrain while NM arises from the medial (DiD injected) area. The separation of DiI and DiD labeling in these embryos persisted throughout the rostrocaudal extent of these nuclei in the brain stem. We obtained similar results suggesting that lateral r5 precursors give rise to NL and medial precursors to NM when the relative positions of the two dyes were switched, ruling out any artifact related to the dyes. These results confirm that the partitioning of precursors occurs within individual embryos.
The segregation of precursors for NM and NL in r5 prompted us to examine the organization of precursors for other nuclei in experiments carried out later in the study. Following injections into quadrants or halves of r5, the contributions to NA and SON were assessed in a subset of the embryos. Precursors for NA tended to be located in lateral regions of the rhombomere, while precursors for SON arose from both regions with a preference for medial precursors. Five of the embryos with lateral r5 injections (n ϭ 6) had labeled cells in NA, while only three had labeled cells in SON. No embryos with medial r5 injections (n ϭ 8) had labeled cells in NA. Seven of these had labeled cells in SON. Rhombomere 5 precursors thus contribute to all the auditory brain-stem nuclei. The fates of lateral r5 precursors are preferentially within NL and NA, while the fates of medial r5 precursors are preferentially within NM and SON.
The rostrocaudal labeling index is a measure of the mean rostrocaudal position of labeled descendants (see Materials and Methods) within the nuclei NM and NL. For all analyzed r5 injections, the index for NL, I NL , was 1.20 Ϯ 0.25 (n ϭ 9 embryos with labeled cells in NL), and I NM was 1.35 Ϯ 0.35 (n ϭ 8 embryos with labeled cells in NM). When anterior and posterior injections were analyzed separately, I NL was 1.0 Ϯ 0 for anterior r5 injections (n ϭ 3) and 1.33 Ϯ 0.24 for posterior r5 injections (n ϭ 4). I NM was 1.5 Ϯ 0 for anterior r5 injections (n ϭ 2) and 1.125 Ϯ 0.25 for posterior r5 injections (n ϭ 4). These measurements give an indication of the region of NM or NL labeled following precursor injections and suggest that r5 precursors give rise to the rostral regions of NM and NL.
Rhombomere 6
Injections that filled most of r6 in E2 embryos (n ϭ 4) resulted in abundant labeling of NM cells at E9 -E12. Table 1 summarizes the results from whole-rhombomere injections into r6. In some cases most of the cells in NM were labeled. Very few NL cells were labeled. NL cell labeling was occasionally seen but was always much less abundant than that seen following DiI injections into r5. Injections into r6 also resulted in labeling in VeM, VeD, nucleus of the IXth nerve, and in some cases a small number of cells in NA.
Focal injections were made into smaller regions within the rhombomere. Within r6, one embryo was injected in the medial half of the rhombomere (Figs. 5A , 5B, and 5C) and one was injected in the lateral half (Figs. 5D, 5E , and 5F). In addition, three embryos were injected in the lateral anterior quadrant, two were injected in the lateral posterior quadrant, one was injected in the medial anterior quadrant, and three were injected in the medial posterior quadrant. R6 injections resulted in NM label in 9 of these 11 focal injection cases. The half-rhombomere injections resulted in a few labeled cells in NL (Fig. 5) , while none of the quadrant injections resulted in NL label. Figure 6 shows an example of a lateral anterior r6 injection (Figs. 6A and 6B) with resulting label (Fig. 6C) 
Note. Scoring: Ϫ, no labeled cells; Ϯ, few labeled cells; ϩ, many labeled cells.
a Half-rhombomere injections are designated as "middle" with respect to the anteroposterior axis.
predominantly in the medial portions of NM and a few cells in the medial portion of NL. Within r6, it appears that there is a mediolateral organization to the precursors that is reflected in the positions of descendant cells in the mature nuclei.
Rostrocaudal labeling indices were computed for label following injection into r6. For all analyzed r6 cases, I NL was 2.0 Ϯ 0 (n ϭ 3 embryos with labeled cells in NL) and I NM was 2.4 Ϯ 0.38 (n ϭ 10 embryos with labeled cells in NM). For injections into anterior r6, I NM was 2.33 Ϯ 0.29 (n ϭ 3). For injections into posterior r6, I NM was 2.77 Ϯ 0.40 (n ϭ 3). Injections restricted to the anterior or posterior half of r6 did not result in labeled cells in NL; thus I NL was not computed for these small injections.
Rhombomere 7
DiI injections into r7 were made in three embryos. In E2-E2.5 embryos, it was difficult to identify precisely the boundary between rhombomeres 7 and 8, although the boundary between rhombomeres 6 and 7 was distinct.
The caudal boundary could be vaguely discerned as a broad indentation. To ensure labeling of r7, two r7 injections were made reasonably close to the r6/r7 boundary. None of the r7 injections resulted in any labeled cells in NL. Labeling in NM was abundant only in the caudalmost region of NM, a level at which NL was no longer present. Labeled cells in these embryos continued through the long caudal tail of NM. Labeled cells were also observed in VeM, as well as diffusely in ventral regions of the brain stem in some sections. In the most caudal sections, labeling in nuclei other than NM was not observed. An example is shown in Fig. 7 . In r7 injections, two embryos were analyzed for rostrocaudal topography; I NM was 3.0 Ϯ 0.
Topography of Precursors for NM and NL
An analysis was undertaken to investigate whether the relative rostrocaudal positions of NM and NL precursors in the hindbrain are preserved in the brain stem when the nuclei have differentiated. For this analysis, 28 of the 45 embryos used in the study were analyzed. Of these 28 embryos, 12 had labeled cells in NL and 20 had labeled cells in NM. Injections were given values according to their rostrocaudal positions within the hindbrain (see Materials and Methods). The rostrocaudal distribution of labeled cells in NM and NL (I NM and I NL ) was then quantified at E9 -12 (see above for values for each rhombomere injection). Using a Spearman's rank correlation to evaluate the correlation between injection position and I NM and I NL in the differentiated brain-stem nuclei, we found highly significant correlations relating the rostrocaudal positions of precursors to the rostrocaudal positions of descendants within both NM and NL. For NM, ϭ 0.812; P Ͻ 0.005. For NL, ϭ 0.846; P Ͻ 0.005. These correlations are strong when data from all contributing rhombomeres (5, 6, and 7) are included. However, topography in the contributions within rhombomeres 5 and 6 was not significant except in the r6 contributions to NM, in which ϭ 0.667; P Ͻ 0.05. These distributions are represented graphically in Fig. 8 .
DISCUSSION
This study provides a detailed analysis of the fate map of the auditory nuclei in the chick hindbrain with particular emphasis on the formation of the auditory brain-stem nuclei NM and NL. We have used lipophilic dye injections to label groups of cells within rhombomeres. Our approach allowed us to label small regions within rhombomeres to assess the topographic arrangement of precursors in small regions of the hindbrain and to address the issue of lineage relationships between these nuclei. A summary of the data obtained in this study is represented schematically in Fig. 9 . Colored areas of the schematized E2 embryo on the left have descendants in matching colored areas within the schematic brain-stem sections on the right. We found that NM and NL arise from several rhombomeres and that r5 and r6 contribute to both NM and NL. Within r5, the precursors for NM cells are spatially distinct from the precursors for NL cells, with medial regions contributing to NM and lateral regions contributing to NL. Similarly, NA cells arise from r4 and from lateral precursors in r5. SON cells also arise from r5. Medial injections resulted in SON label in 87% of the cases studied, while lateral injections labeled SON in 60% of the cases.
Fate-mapping studies have been carried out previously using lipophilic dyes to label small groups of cells in chicks (Sechrist et al., 1993; Birgbauer and Fraser, 1994; Birgbauer et al., 1995) , as well as in mice (Shuler et al., 1992; Sulik et al., 1994; Wilson and Beddington, 1996) , sea urchins (Logan and McClay, 1997; Ransick and Davidson, 1998) , fruitflies (Bossing and Technau, 1994; Bossing et al., 1996) , and other organisms (Eagleson et al., 1995; Cruz et al., 1996) . Although it is in principle possible for dye to spread to other areas via contacts between membranes, such spread does not seem likely in our tissue for several reasons. First, following the injection, we observed very little spread of the dye, even after 24 h. Second, no labeling was observed in remote areas with known connections to labeled areas. Third, our results were overall quite similar to studies of quail/chick chimeras, in which rhombomere descendants are arranged in anteromedial to posterolateral columns (Marin and Puelles, 1995) . A concern about DiI labeling is that because the dye is membrane soluble, labeling might diminish significantly after several cell divisions. For this reason, dye injections were made less than 24 h before the final mitotic divisions of cells contributing to NM (Rubel et al., 1976) , limiting the number of cell divisions that would result in dilution of the dye. Labeling in NL might appear to have lower levels than labeling in NM because NL is a sheet of cells that is one cell thick in most places. In addition, NM cells are larger than NL cells and may appear brighter. Because NL cells are born later than NM cells (Rubel et al., 1976) , it is possible that NL cells are less bright because the dye is diluted by cell division. However, we do not feel that this is a major concern for several reasons. First, we find similar results, and similar NL labeling, when injections are made at E2 or E2.5. Second, the presence of NL labeling resulting from lateral r5 injections is a positive control showing that NL cells can be adequately labeled by applying dye to precursors. The labeling in Figs. 3C and 3F shows that NL cells can be quite intensely labeled following injection at E2. Finally, the results we obtained for r5 quadrant injections were quite consistent and were supported by experiments in which medial and lateral regions were injected in a single embryo. While it is in principle possible for lateral r5 (NL) precursors to migrate to medial r5 between injection time and birth date (i.e., final cell division), our data show that at the time of injection (approximately 24 h before the last cell division) injections in the medial part of r5 do not label cells that will ultimately become NL cells.
Previous studies addressing the fate map of the chick hindbrain have focused on quail/chick chimeras in which grafts of quail rhombomeres are placed in a chick (or vice versa), and the progeny of grafted cells are located in the later embryo using immunohistochemical localization of the donor cells (Tan and Le Douarin, 1991; Marin and Puelles, 1995) . While we have used a different method in order to examine the fate map, our results are largely in agreement with those of previous studies. We found that both NM and NL arise from the alar region of the neural plate, in agreement with Tan and LeDouarin (1991) . The rhombomeric origins of auditory and vestibular nuclei we describe are similar to those reported by Marin and Puelles (1995) . The major difference between the studies is that we found a substantial contribution to both NL and NM from r5, while the previous study found no r5 grafted cells in NM (Marin and Puelles, 1995) . It is possible that this disparity results from differences in the methods used. One possibility is that in the earlier study only the lateral region of the grafted rhombomere survived the grafting procedure and subsequently the cells in this lateral region followed their normal fates in the host embryo, resulting in progeny within NL but not NM. Another possibility is that quail cells may follow different fates or may behave differently when grafted. The chick/quail chimera technique likely requires some time for healing of the tissue subsequent to grafting. Given that several regions contribute to NM, it is possible that grafted medial r5 cells fail to commence migration at the appropriate time because of the time required for healing. Nonetheless, the overall agreement between the two studies supports the appropriateness of both methods for mapping fates of whole rhombomeres. Our results extend the existing knowledge of the fate map of the hindbrain and shed some new light on how individual nuclei form from the group of precursors found within individual rhombomeres.
The distinct locations of the precursors for NM and NL, particularly within r5, suggest that these precursors follow distinct migratory pathways during the formation of the mature nuclei, even when the cells making up the nuclei are grouped as a common anlage. Preliminary experiments suggest that small injections within r5 result in label in a confined region within the auditory anlage (unpublished observations). Future experiments will examine the migratory pathways in detail at various time points following injection.
Rhombomeres confer a general rostrocaudal plan to the developing brain-stem nuclei. Rhombomeric origin is re- Injection position was assigned a value (see text), and position of label was scored for rostral sections, in which NL was largely lateral to NM; middle sections, in which NL was ventral to NM; and caudal sections, which contained NM but not NL. Each point represents data for a single nucleus from a single embryo. lated to overall position of cells within the nuclei NM and NL. In particular, NM cells vary in morphology between the rostral and the caudal regions Jhaveri and Morest, 1982a) . Some of these cells may correspond to NM contributions from r7, which contributes only to the long portion of NM that is completely caudal to NL. An intriguing possibility is that the frequency tuning of cells in NM and NL is related to the positions of precursors within the hindbrain. While our study did not address this issue directly, the strong correlation between the positions of all injection sites and the rostrocaudal position of labeled neurons is supportive of this idea.
Despite the rostrocaudal topography relating early precursors to later positions within mature nuclei, our results indicate that rhombomeric boundaries do not constitute boundaries between precursors contributing to individual brain-stem nuclei. The auditory brain-stem nuclei arise from multiple rhombomeres in the chick hindbrain. This finding is consistent with previous results (Tan and Le Douarin, 1991; Marin and Puelles, 1995) . Thus it appears that some nuclei are the progeny of cells confined to a single rhombomere (such as SON), while other nuclei have contributions from two or more rhombomeres. The variability in the number of contributing rhombomeres has also been shown in vestibular neuron projection groups (Diaz et al., 1998) , which are defined by projection patterns rather than by boundaries of nuclei. The formation of NM and NL occurs over a fairly long period, during which postmitotic neurons migrate to appropriate locations and become distinct from each other. Cells that contribute to NM and NL are born during a stage when rhombomeres and rhombomere boundaries are present (Rubel et al., 1976) . While rhombomere boundaries limit migration, there remains a small proportion of cells (about 15%) that cross rhombomere boundaries (Birgbauer and Fraser, 1994) . In addition, migration is not complete until about E10 -11, nearly a week after rhombomere boundaries disappear, although some rhombomeric specification, particularly in ventricular areas, may persist until E9 (Wingate and Lumsden, 1996) . The lack of sharp boundaries between areas of different rhombomeric origin is consistent with the extended period of migration. Thus, the rostrocaudal positions of precursors, but not rhombomere boundaries per se, influence the positions of descendants within the auditory brain-stem nuclei.
In addition to rostrocaudal topography, we found significant differences in the progeny of lateral versus medial regions within rhombomeres. Rhombomere 5 makes the most substantial contribution to NL. In this rhombomere, the lateral region of the alar plate contributes to NL, while the medial region makes a substantial contribution to NM. Rostral sections of the auditory brain stem receive the largest r5 contribution. In this region, NL is lateral to NM, and thus the arrangement of precursors is topographically   FIG. 9 . Summary of fate map data obtained using small DiI injections into regions of rhombomeres in E2-E2.5 chick embryos. Label was identified in E9 -E12 embryos in coronal sections. Cells in r4 contribute to NA, but not to NM or NL. In rostral regions of the brain stem, NM is largely medial to NL. Medial r5 precursors give rise to NM but contribute very little to NL, while lateral r5 precursors contribute to NL but not to NM. R5 also contributes to SON and lateral precursors within r5 contribute to NA. In the middle sections, NM is largely dorsal to NL, and both nuclei have their long axes mediolaterally. Here, medial and lateral precursors of r6 give rise to medial and lateral regions within the nuclei, with very little labeling in NL. R7 contributes to NM in caudal sections that do not contain NL.
related to the positions of the mature nuclei. Rhombomere 5 thus contains distinct pools of precursors for NM and NL. This finding rules out the possibility that NM and NL arise from common precursors and suggests instead that the precursors are determined in relation to their position prior to E2. Thus, it is unlikely that cells in NM and NL arise from a common set of precursors, despite their emergence from a common anlage and the highly precise map of projections from NM to NL. In addition, lateromedial positions of precursors within r5 are related to the positions of NA, which is lateral in the mature brain stem, and SON, which is somewhat more medial than NA. Rhombomere 6 contributes substantially to more caudal regions of NM and only slightly to NL. In r6, the lateromedial position of the injection is directly related to the lateromedial position of labeled cells in the mature NM and NL. This order also preserves the topographic arrangement for NM and NL in their caudal regions where NM is dorsal to NL. While a lineage relationship remains possible in the regions of NM and NL derived from r6, the contribution from r6 to NL is substantially smaller than that of r5, and any lineage relationship would constitute a minority of cells in NL.
The final mitotic divisions of cells that contribute to NM and NL occur at nonoverlapping periods of development, with all NM cells born prior to all NL cells (Rubel et al., 1976) . While it has been reported that neurons differentiate in even-numbered rhombomeres earlier than in oddnumbered rhombomeres (Lumsden and Keynes, 1989) , the fate map of NM and NL precursors suggests that there are regional differences within rhombomeres that dictate the birth dates of neurons. Marin and Puelles (1995) report that the caudalmost segment of NM, which is derived from r7, is born earlier than the rest of NM, suggesting that rhombomeric origin may influence birth dates within a nucleus as well. In the mature brain stem NL cells are largely ventral to NM. Because of their later birth dates within the ventricular zone, it was proposed that NL cells must migrate through the nascent NM in order to arrive at their final position (Rubel et al., 1976) . However, our results pose the possibility that the medially located NM precursors in r5 have a longer migratory course to the lateral anlage, which may compensate for their earlier birth dates. Thus, NL cells may reach their destination before NM cells have coalesced within the anlage. Detailed studies of the migratory routes of NM and NL precursors will shed light on this issue.
